High speed spinnings of sheath/core = Poly (ethylene terephthalate) /Polyethylene (PET/PE) and PE/PET Bicomponent fibers were carried out and the tensile behavior of the as-spun fibers was investigated. The structure development of the PET component in the bicomponent fiber was enhanced whereas that of the PE component was suppressed in comparison with respective single component spinnings. The analyzed birefringence for PET and PE components in bicomponent fibers did not change by reversing the sheath-core arrangement of the components. Accordingly the initial Young's modulus of both the sheath/core = PET/PE and PE/PET fibers were similar. On the other hand, the elongation at break and tenacity of the PE/PET fibers were larger than those of the PET/PE fibers. A three-dimensional model analysis of the bicomponent fiber conducted assuming transverse isotropy suggested that the generation of tensile or compressive radial stress could cause such behavior in tensile testing. The necking behavior of the low-speed spun bicomponent fibers was analyzed in detail. The natural draw ratio was found to be governed by the molecular orientation of the PET component. The necking behavior was slightly affected by the presence of the PE component in that the different sheath-core arrangement caused different types of influence.
Introduction
The bicomponent melt-spinning process, in which two polymers are coextruded to form a single filament with designed cross-sectional arrangement, has received considerable commercial interest owing to its potential applications in the production of various specialty fibers like crimped fibers, thermal bonding fibers, electrical conductive fibers, ultra-fine fibers, and fibers with non-circular cross section'. Among these, thermal bonding fibers are widely used for the production of non-woven fabrics by utilizing the melting temperature difference between the two component polymers.
The mechanical property of the constituent fiber is one of the most important factors which govern the mechanical properties of non-woven fabrics. Although there are some publications on the sheath-core type bicomponent fibers, most of these are concerned with the analysis of the interface between the two continuous phases2'~8' and the stability of the spinning line9'"0' and there have not been any reported work on the analysis of the tensile behavior of bicomponent fibers. For the investigation on the relation between the condition for bicomponent fiber production and the mechanical properties of resultant fibers, structural analysis of individual component in the bicomponent fibers is essential. We have reported the effect of the mutual interaction of two components on the fiber structure formed in the bicomponent high-speed melt spinning process". It was revealed that the structure of each component in the sheath-core type bicomponent fibers was significantly different from that of the corresponding single component fibers. In the present study, sheath-core type bicomponent fibers of poly (ethylene terephthalate) (PET) and polyethylene (PE) were produced and the tensile behavior of the asspun fibers was investigated.
2. Experimental 2.1 Melt Spinning Polyethylene terephthalate) (PET, Teijin Ltd., BV-R, [~] =0.62 dl/g) and polyethylene (PE , Mitsubishi Chemical Corporation, MFR = 20) were used for the high-speed melt spinning of bicomponent fibers. Two polymers were pumped into a spinning head using two extrusion systems consisting of an extruder and a gear pump. The confluence of the polymers was made in the spinning head and co-axially combined bicomponent fiber was extruded through an annular die of 0.5 mm diameter. The bicomponent fibers were taken-up at the take-up velocity of 1 to 5 km/min using a high-speed winder placed at 3.3 m below the spinning head. The fibers with sheath/core arrangement of both PET/PE and PE/PET were prepared. For comparison, single component fibers of PET and PE were also prepared. The spinning conditions are summarized in Table 1 . Since the mass flow rate was kept constant for each polymer, the diameter of the as-spun fibers decreased with increasing take-up velocity.
2.2 Birefringence Birefringence of the sheath and core components in the bicomponent fibers was measured using an interference microscope (Carl Zeiss Jena) equipped with a polarizing filter. From the interference fringe patterns of the bicomponent fibers observed under the microscope, the refractive indices of the sheath and where gut and ain are the fringe shift measured at the interface between the sheath and core and at the center of the fiber, respectively, nout and n,n are the refractive indices of the sheath and core ; R,n and Rout , the inner and outer radii ; N the refractive index of the immersion liquid ; and A the wavelength of the incident light. Refractive indices parallel and perpendicular to the fiber axis were obtained by rotating the polarizing filter. Birefringence was calculated from the two refractive indices using the following equation :
On=n"-n1 (3) where n" and n1 are the refractive indices parallel and perpendicular to the fiber axis.
Tensile Behavior
The load versus elongation curves of the fiber samples was obtained using a tensile testing machine (Toyosokki, UTM-4 L) at room temperature. The gauge length was 20 mm and the tensile speed was 100%/min. The initial Young's modulus, tenacity and elongation at break of the fibers were analyzed from the obtained load-elongation curves.
A diameter monitor (Zimmer OHG, Model 460/A10) was used to measure the diameter profile of the fiber between two clamps after applying a certain tensile strain (50, 200, 400 and 600%). The diameter measurement was based on the back illumination principle which enabled us to perform contact-less measurement. The diameter signal from the monitor was acquired every 50 ms by using an AID converter and a microcomputer. The monitor was mounted on an elevator as shown schematically in Fig. 1 . For the measurement of diameter profile, the elevator was moved at the speed of 12 cm/min .
Tensile test was also accomplished under a polarizing microscope (Olympus, BH-2) to observe the necking behavior and the changes in the optical anisotropy of the sheath and core components.
Theory
Modifying Wagner's theoretical analysis on the thermal residual stresses in microcomposites14' , a threedimensional model composite consisting of two concentric cylinders shown in Fig. 2 is considered to investigate the tensile behavior of bicomponent fibers. In the model, it was assumed that the internal cylinder is solid and both the cylinders are transversely isotropic, rather than isotropic. In cylindrical coordinates, the relationship between strain e and stress o for this type of anisotropy, in which the (r, 9) plane is isotropic, can be described as follows15' (4) where E is the Young's modulus, and v the Poisson's ratio.
The convenience in assuming the transverse isotropy is that the distribution of stresses in the cylinders has the same form as in the case for the isotropic material. Therefore, the radial, hoop and longitudinal stresses at a distance r from the symmetry axis, tYrr, bee, ~zz, can be given byls>
dzz= =const.
where Pz, Ri and P0, Ro are the internal and external pressure and radii.
Because the inner cylinder is a solid cylinder, the internal radius is zero. The pressure on the external surface of the outer cylinder is also zero. The boundary conditions for radial stresses are 6°r = 0 at r = R° (8) 6°-r= 6rr at r = Ri (9) The superscripts i and o denote values for inner and outer cylinders.
If stress S is applied in the longitudinal direction, the stress balance in this direction yields : °z ch°+ 6zz~6= S (10) where qi = (R1/R°) 2 and q° =1-q,. The interfacial no-slip conditions are Ezz=E°z at r=Ri (11) EBe=E°ee at r=Ri (12) By substituting these conditions into Eqs. (4) - (7), the stress field in the inner and outer cylinders may be obtained as follows.
Inner cylinder :
0rr`Oee=-A°c h° ( 13) S-C°q° ( 14) Outer cylinder (15)
where 
Structural Characterization
The birefringence of the PET and PE components in the sheath/core = PET/PE and PE/PET bicomponent fibers are compared with respective single component fibers in Fig. 3 . As reported previously", the birefringence of the PET component in bicomponent fibers increased with an increase in the take-up velocity, and was higher than that of the single component fibers at all the take-up velocities investigated. On the other hand, the birefringence of the PE component in the bicomponent fibers reached a maximum at 3 km/min , however, the values were extremely lower than those for the single component spinnings. The enhancement and suppression of the molecular orientation in PET and PE components, respectively, arose from the effect of the mutual interaction of the two components acting on the dynamics of the high-speed melt spinning line . We investigated the mechanism of fiber structure development in bicomponent spinning in the previous paperl'~ and concluded that the structure formation of a component having higher temperature-dependent elongational viscosity and higher solidification temperature is expected to be enhanced in comparison with its single component spinning .
If the results for the reversed arrangement of the sheath and core materials are compared, although the PET component in sheath/core = PE/PET fibers showed slightly higher birefringence than that in PET/PE fibers at high speed region, it can be thought that the structure development of the PET and PE components in PET/PE and PE/PET bicomponent fibers are essentially the same irrespective of the sheath-core position of the materials in the cross-section.
Tensile Test
The stress-strain curves of PET/PE and PE/PET bicomponent fibers for various take-up velocities are compared in Fig. 4 . In general, the tenacity increased and the elongation at break decreased with an increase in the take-up velocity. It is interesting to note that the stress increase after the end of necking deformation or first yielding point was steeper for the bicomponent fibers in which PET component was placed at the sheath. However, the sheath/core = PE/PET fibers eventually showed higher tenacity because the elongation at break of these fibers were higher.
The initial Young's modulus, tenacity and elongation at break for the bicomponent fibers analyzed from the stress-strain curves are shown in Fig. 5 . The data for the single component fibers are also plotted in the figure. The modulus for PET/PE and PE/PET bicomponent fibers obtained for the same take-up velocity were almost equivalent, however, the tenacity and elongation for the fibers of sheath/core = PE/PET were higher than those for the PET/PE. As stated previously, the structure development of PET and PE component in the bicomponent fibers was not influenced by reversing the position of two components in the cross section. Therefore, difference in the tensile behavior between PET/PE and PE/PET fibers appears to originate only from the arrangement of two materials in the cross section.
In case of single component fibers, PET has higher modulus and tenacity and lower elongation than PE. The modulus and tenacity of bicomponent fibers generally lie in between the values of the single component fibers, whereas the elongation at break of the bicomponent fibers was smaller than that of the PET single component fibers. This observation indicates that the breakage of the bicomponent fibers subjected to tensile deformation starts from PET component. The lower elongation of the bicomponent fibers in comparison with the single component PET fibers is probably due to the enhanced molecular orientation of the PET component in the bicomponent fibers.
It is generally believed that the breakage of fibers starts at the surface of the fiber because of the presence of some defects. In case of bicomponent fibers, the interface between the two materials also can be a starting point of the fiber breakage, presumably with less probability in comparison with the outer surface The interface area of the PET/PE fiber is larger than that of the PE/PET fiber because the composition of the bicomponent fibers prepared in this study is 50/50 in wt%, and accordingly PE component which has smaller density than PET occupies largerr volume.
Model Analysis
The difference in the elongation at break between the sheath/core= PET/PE and PE/PET bicomponent fibers can be explained as described above, however, the difference in the stress increase is not explicable by the consideration on fiber breakage. In order to investigate this, a three-dimensional model calculatioin was conducted according to the Eqs. (13) -(25) .
Four elastic constants for each material are necessary for the calculation. Here, the bicomponent fibers obtained at high-speed region was considered. As the birefringence of PE component is close to zero as shown in Fig. 3 , it would be appropriate to assume that the PE component is isotropic. Therefore, the isotropic modulus of 2.0 GPa and the isotropic Poisson's ratio of 0.42 reported by Nakamura et al. 17) were adopted for the calculation. The elastic constants of various high performance fibers were investigated intensively by Kawabata18'. According to this report, longitudinal and transverse moduli, Ez and E,, Poisson's ratio, vzr, of 13.0 GPa, 1.24 GPa, and 0.48 were used for PET. The tensile moduli of the PE and PET component in our bicomponent fiber of 5 km/min was estimated from the measured birefringence assuming that the relation between tensile modulus and birefringence obtained for the single component fibers can be applicable to the respective components in bicomponent fibers. The obtained value for PE and PET components were about 0.5 and 8 GPa, respectively, indicating that the tensile modulus adopted for the calculation are larger than that for the components in our actual fibers . Therefore it was anticipated that there is an over estimation in calculated stresses . More important point to note here is that the reported Poisson's ratio vz, for highly oriented PET is extemely high, -higher than that for PE-which has pronounced effect on the prediction of stress and strain distribution. Because the Poisson's ratio v7o for PET was not available in the literature, a value of 0.40 was chosen arbitrarily. This is permissible because it was revealed that the results of calculation is not sensitive to the change of vr9. Volume fraction of the two components were calculated assuming the density of 1.38 and 0.96 g/cm3 for the PET and PE, respectively. The parameters used for the three dimensional model analysis are summarized in Table 2 .
The distributions of radial stress and radial strain in the cross section at the longitudinal strain of 0.05 calculated using the Eqs. (13) - (25) are shown in Fig. 6 . Because of the difference in Poisson's ratio between sheath and core components, there was a generation of radial stress. In the case of sheath/core = PE/PET, the radial stress of the core component showed positive value. This means that the tensile stress in the radial direction was generated in the core component because of the presence of sheath component. In the sheath component, the radial stress decreased with increasing radial distance from the fiber axis and reached zero at the surface. On the other hand, the radial compressive stress was induced in the core component in the case of sheath/core = PET/PE.
The mechanism for the generation of compressive or tensile stress in the cross section can be explained as follows. Reduction of the cross sectional area of a material upon tensile deformation becomes larger with increasing Poisson's ratio vzr. If the cross section of a material in the sheath tends to reduce more in comparison with the material in the core, the compressive stress might be produced in the core. On the other hand, if the core material has the nature of reducing its cross section more than the sheath material, the tensile stress might be produced. The absolute value of radial stress in the sheath component decreases from the sheath-core interface to the outer surface where the radial stress should match the atmospheric pressure. The discontinuity of the radial strain at the interface between the sheath and core naturally arises from the continuity in the stress field and the difference in the elastic property of two materials.
The changes in longitudinal stress averaged over the entire cross section, and radial stress and radial strain of the core component with an increase in the longitudinal strain are shown in Fig. 7 . The longitudinal Table  2 Parameters used for three-dimensional model analysis Fig. 6 Calculated distributions of radial stress and strain plotted against normalized radial distance for sheath/core = PET/PE and PE/PET bicomponent fibers stress versus strain relation obtained assuming no interaction between the two materials in the transverse direction was also calculated for comparison. If there is a generation of the radial stress in the cross section, irrespective of its direction, there ought to be a hardening in the longitudinal direction. Because of the large difference between the longitudinal and radial moduli of the PET component, and also because the radial stress is basically determined by the transverse modulus, the generated radial stress, however, was rather small. This might be the reason of our bicomponent fibers showing similar initial Young's modulus irrespective of the arrangement of the two polymers in the cross section. Although the difference cannot be recognized in the figure, the calculated tensile modulus was larger in order of PET/PE, PE/PET and fiber with no radial interaction. In the experimental results shown in Figs. 4 and 5, there was a significant difference between the stress-strain curves in high strain region depending on the position of each component in the cross-section of the bicomponent fiber. The model adopted here cannot be applied directly to such a high strain region, however, it appears that the generation of compressive or tensile stress in the radial direction brought about the difference in the tensile behavior of the bicomponent fibers.
Necking Behavior a. Natural Draw Ratio
The phenomenon of necking propagation in polymers is accompanied by a non-uniform distribution of stress and strain along the longitudinal direction of the material and is often termed "cold drawing". As the necking is employed as a standard process to harden fibers and films19~ , investigation of the relationship between the necking propagation and the tensile properties of the bicomponent fibers is an important subject. 
of the specimen. An increase in load accompanies further elongation. The natural draw ratio which directly relates to the shape of the necking was analyzed from the load-elongation curves as shown in Fig. 8 (a) . The natural draw ratios of the single and bicomponent fibers decreased with increasing take-up velocity. At low take-up velocities, the bicomponent fibers of sheath/core = PE/PET showed slightly larger natural draw ratio than PET/PE. As the structure of each component in bicomponent fibers and respective single component fibers obtained at the same take-up velocities are not identical, in order to compare single and bicomponent fibers, the natural draw ratio was plotted against the birefringence of PET component as shown in Fig. 8 (b) . It can be seen from the figure that the necking behavior of bicomponent fibers is primarily governed by the PET component. The natural draw ratio of the single component PET fibers, however, showed slightly higher value. This result indicates that the necking deformation of the PET component was slightly hindered, in other words necking draw ratio was suppressed, by the presence of the PE component. To investigate the necking behavior in detail, the diameter profiles for bicomponent fibers of 500 m/min were measured during the tensile test. The load-elongation curves and the change of diameter profiles are shown in Figs. 9 and 10. The exact drawing condition for these two figures are not the same because the tensile deformation had to be ceased intermittently for the measurement of the diameter profiles.
In both the cross sectional arrangements, the necking occurred at multiple points during the drawing as shown in Fig. 10 . At 400% elongation, the diameter profile of the sheath/core = PET/PE bicomponent fiber became virtually uniform. An interesting point to note is that in case of sheath/core = PE/PET, there still remained distinct diameter fluctuation even at the elongation of 600% where the load-elongation curve already started increasing. When such a fiber was observed under a microscope, small bumps were found. This result may indicate that the difference in drawability between the regions before and after the necking deformation is not very large.
From the diameter distributions, the coefficient of variation (C. V. %) was calculated using the following equation and plotted in Fig. 11 .
where x is the diameter averaged along the fiber length, and 6 is the standard deviation of the diameter. Using the natural draw ratio obtained by the experiment, the change of the C. V. % in the course of drawing was also simulated assuming the constant fiber volume and the step-like deformation of the fiber at the necking. The theoretical prediction of the C. V. % is also shown in the figure. The C. V. % of the sheath/ core = PE/PET bicomponent fiber was higher than that of the PET/PE fiber both for the experimental result and theoretical prediction. This is due to larger diameter reduction at the necking. The experimental result and theoretical prediction for the PET/PE fiber showed similar tendency. On the other hand, the experimental result for the PE/PET fiber showed pronounced tailing at the end part of necking deformation reflecting the diameter fluctuation found in Fig. 10 . c. Tensile Test under Polarizing Microscope Tensile test of the bicomponent fibers was also accomplished under a polarizing microscope to observe the necking deformation and the change in the optical anisotropy of the sheath and core components . The starting of the necking was successfully captured as shown in Fig. 12 . As can be seen in the figure, both the sheath and core components usually deform simultaneously to form the necking deformation. Even though the necking draw ratio is slightly smaller, the shape of the necking is steeper when the PET component was placed at the sheath as shown in Fig.13 . This may relate to the observation that the necking behavior is governed by the PET component. Another interesting point to note is that irregular necking shape was occasionally observed for both the sheath-core arrangements. In the case of sheath/core = PE/PET, debonding at the sheath-core interface occurred and the necking deformation of only the PET component was observed under the microscope. On the other hand, double-step necking was observed for the PET/PE arrangement. These results may correspond to the results of theoretical calculation shown in Figs. 6 and 7 in which generation of tensile and compressive stresses were predicted in the cases of sheath/core = PE/PET and PET/PE, respectively. The change in the local birefringence of bicomponent fibers during the necking deformation was analyzed from the fringe patterns shown in Fig. 12 using the following equation. kA = 0 n x t (27) where A is the wavelength of incident light (589 nm) t the local diameter, k the order of the fringe (i. e. the number of a fringe when the fringes are numbered from the marginal one), and O n birefringence. The obtained birefringence is the average of sheath and core components. As shown in Fig. 14 , the local birefringence of bicomponent fibers increased with increasing local draw ratio. The local draw ratio versus birefringence relations obtained for different stages of necking overlapped each other. This result indirectly suggests that both the sheath and core components are drawn synchronously in the course of necking deformation.
Conclusions
From the structural investigation of the high-speed spun bicomponent fibers, it was found that the birefringence of PET and PE components was not affected by reversing the sheath-core arrangement of the two polymers. Accordingly, the initial Young's modulus of both the sheath/core = PET/PE and PE/PET fibers were similar. On the other hand, there was a difference in the loadelongation curve after necking or yielding, and eventually the elongation at break and tenacity of the PE/PET fibers showed larger values than those for the PET/PE fibers. One possible reason for this behavior is the generation of the tensile or compressive radial stress arising from the difference in Poisson's ratio. It was found that the necking behavior of the low-speed spun bicomponent fibers was basically governed by the PET component, however the presence of PE component gave some influence to the necking behavior in the different sheath-core arrangement caused different types of influence.
